We study the current sensitivity characteristics of DNA decorated carbon nanotubes for different gas odors in the experiment carried out in NANO LETTERS Vol. 5, No. 9, 1774-1778, by Cristian Staii, Alan T.Johnson, Jr., Michelle Chen, Alan Gelperin. A simple model is proposed to understand the reason for different current responses. The autocorrelation and two point correlation functions are calculated for the current sensitivity curves. The correlation functions have different characteristic patterns for the odors and the DNA sequences.
INTRODUCTION
Carbon nanotubes (CNT) functionalized with Deoxyribonucleic Acid (DNA) molecules show great potential for applications in nano-bio-technology ref. [1, 2] and references therein. DNA is the basic building block of life and carries the hereditary information (encoded as a chemical language) in all cells of living organisms ref. [3] . Carbon Nanotubes are materials which have unique properties suitable for applications in nano-technology. The fundamental understanding of the properties of this novel material (DNA decorated CNT) is essential for any advance in its application. In this paper we study the transport properties of gas flow over DNA decorated Carbon Nanotubes.
A single wall carbon nanotube (SWCN) is formed by the rolling of a single layer of graphite into a cylinder. These tubes have diameters ranging from 1nm to 2nm. CNTs have unique electrical properties as they can be metallic or semiconducting depending on the way the graphite sheet is rolled up ref. [4] . CNTs can be used as electronic wire between two metal electrodes as shown in Fig.1 and conductance can be measured as a function of gate bias voltage. The article, ref. [5] , studies the nanoscale chemical sensors based on single stranded DNA (ss-DNA) as the chemical recognition site with the single walled carbon nanotube field effect transistors (SWCN-FETs) as the electronic read out component. These sensors, SWCN-FETs coated with ss-DNA, respond to various gas odors that do not respond or cause a detectable conductivity change in the bare device.
The main result of our study of gas flow over DNA decorated Carbon Nanotubes is the calculation of the correlation functions for the current characteristic curves of ref. [5] . We find that the current fluctuations (correlation functions) are better finger-prints for detection of the odor than the current characteristics. More importantly the characteristic patterns of the DNA sequence is captured in these current correlation functions. Hence these gas/fluid flow sensors may also be used as sequence detectors for DNA where the pattern of correlation functions may be used as bench marks for the particular chemical language encoded in DNA.
Here we report on our analysis of the experiment described in ref. [5] . In the first section we give an introduction of our work. In the second section we describe the chemical adsorption of odors (gases). In the third section the experiment is described in detail. In the fourth section we give a simple model to understand the experiment. In the fifth section we explain the Odor Response of Sensor to ss-DNA Sequences using model. In the sixth and seventh sections our results for the auto-correlation and two-point correlation functions are presented. Finally we end with discussions and conclusions.
Chemical adsorption of gas molecule
The sensors studied are P-type SWCN-FET which detect odors through "chemical gating" ref. [5, 6, 7, 8] . In this process, a positively (negatively) charged molecular species gets adsorbed to the wall of nanotube and locally depletes (enhances) the SWCN carrier density hence decreases (increases) the current through the FET. Some chemical species interact weakly or not at all with the bare SWCNs. So it is necessary that such chemical species get adsorbed on the device properly, because molecular sensing requires strong When SWCNs are coated with bio-molecular complexes like ss-DNA having high affinity for SWCN, the ss-DNA sequence is expected to bind readily to SWCNs through Van Der Waal forces and by forces due to their mutual polarization ref. [1, 2, 11] . The chemical species get adsorbed to the wall of SWCN through hydrogen bonding between DNA bases and chemical species Figs.7-11 ( like between the bases of a double helix DNA ref. [3] ). Hence DNA sequence increases the binding affinity of the molecular species (odors) to the device. The complex, Gas (odor)-DNA-base, is polarized and binds to the SWCN by Van Der Waal forces due to mutual polarization between the atoms of Gas-DNA-base complex and the SWCN.
Experimental detail
We summarize here, for completeness, the experimental procedure used in ref. [5] .
In this experiment two ss-DNA sequences are chosen: Sequence 1: 5' GAG TCT GTG GAG GAG GTA GTC 3' Sequence 2: 5' CTT CTG TCT TGA TGT TTG TCA AAC 3' The sensor response for five different odors Methanol, Propionic acid (PA), Trimethylamine (TMA), 2, 6 Dinitrotoluene (DNT) and Dimethyl methylphosphonate (DMMP) was studied in ref. [5] .
For this, a reservoir of saturated vapor of each odor was prepared and connected to a peristaltic pump and switching valve array so the flow of room air directed over the device could be electrically diverted to one of the odor reservoir for some time (50 sec), after which the flow reverted to plain air. The air or air/analyte mixture is directed towards the sample through a nozzle positioned above the sample surface. Here the focus was on odor induced changes in the current measured with Vb=100mV and Vg=0V. In the experiment, ref. [5] , the current response of SWCN-FET for different odors was studied.
Model
Here we propose a model to understand the reason for the change in sensor current upon odor exposure. The model consists of a FET in which a semiconducting SWCN acts as an electronic wire between two metal electrodes and a ss-DNA sequence wraps around it. The model shown in Fig.2 has a simpler geometry, for clarity of exposition, the yellow and pink balls indicate the gas molecules and air (primarily oxygen) respectively.
1. In case of Dimethyl methylphosphonate(DMMP) with sequence 2 and 2,6 Dinitrotoluene(DNT) with sequence 1: Initially for a bare device, when only plain air is interacting with the SWCN the value of I/I 0 is 1 and the experimental sensitivity δI/I 0 is 1% (I(t) is the current at time t and I 0 is the current when there is no odor) ref. [5] . When DMMP is exposed to SWCN-FET sensor then the bare device does not respond to DMMP vapor, but after coating the same device with ss-DNA sequence 2, exposure to DMMP gives a slight change (decrease) in the current. Due to the application of ss-DNA layer, the binding affinity of DMMP to the device increases through hydrogen bonding, which results in an increase in sensor response. The fluctuations in the current is due to the structure of DNA sequence. In this experiment, the gas is exposed to the device for a duration of some seconds and for the next duration, only plain air is exposed to the device. After the application of ss-DNA sequence, the current decreases when the gas is ON and it increases when the gas is OFF. The exact mechanism for the decrease in the current is not known. Here we propose a simplified picture of what is going on.
When DMMP is exposed to the device coated with ss-DNA sequence 2, the DMMP molecules interact with the DNA bases Thymine, Guanine, Cytosine and Adenine through hydrogen bonding. The interaction of DMMP with the DNA-bases changes the polarization of the Gas-DNA-base complex, which then interacts with the SWCN by the Van Der Waal forces. As a result, charges get redistributed which leads to a net negative charge transfer( some combination of α, β, γ and δ negative ions, depending on the DNA sequence which are different for different odors and can be fractional charges, Fig.7 )from Gas-DNA-base complex to the SWCN. This causes the Fermi level of the SWCN to shift away from the valence band, (more than either the DNA-base-SWCN system or the air-SWCN system), which results in hole depletion of a P-type semiconducting SWCN-FET sensor and reduces the current ref. [7] . Alternatively the charge transfer from the Gas-DNA-base complex to the SWCN is larger than the charge transfer from DNA-base to SWCN and the air-DNA-base to SWCN.
This process continues till we have all DMMP (gas) molecules interacting with the full DNA sequence, as a result of which the hole concentration goes on decreasing and the current reduces. So in this case we have the minimum value of the current. For the next duration, when plain air(primarily oxygen) is exposed to the device, it interacts with the SWCN and there is a net charge transfer from SWCN to oxygen ref. [9] . Though there is some charge transfer from DNA-base to the SWCN, this charge transfer is small ref. [11] , and there is a net charge transfer from SWCN to oxygen. This causes the Fermi level to shift closer to the valence band, increasing the hole concentration and enhancing the current. Again this process continues as the air replaces the gas, as a result of which hole concentration goes on increasing and there is increase in the current ( until the maximum value of the current (I = I 0 ) is reached ) ref. [5] . The model is shown in Fig.2 . For DNT the explanation is the same but the sequence is different.
2. In case of Trimethylamine(TMA) with sequence 2: When TMA vapor is exposed to the bare SWCN sensor, then the device responds to TMA slightly because this chemical species interacts with the SWCN directly but weakly, the reason may be the Van Der Waal forces ( as there is mutual polarization between the atoms of SWCN and TMA) and there is decrease in the current due to charge transfer from TMA to SWCN, which reduces the carrier concentration of the SWCN-FET sensor. When exposure of TMA is stopped and there is only plain air for some time, then the current reaches a maximum value (I = I 0 ). After the application of ss-DNA sequence 2 the response is tripled, because now the DNA sequence increases the binding affinity of TMA to the device. The polarization between TMA-DNA-base and SWCN causes a charge transfer from TMA-DNA-base complex to SWCN, (which is larger as compared to the charge transfer from DNA-base to SWCN ) , and there is an additional charge transfer due to direct interaction of TMA with the SWCN. So in this case, the net charge transfer is far more than the 3. In case of Propionic Acid (PA) with sequence 1: The behavior is reversed as compared to other odors. The bare device does not respond to PA as it does not interact with the SWCN but after the application of ss-DNA sequence, it increases the binding affinity of PA to the device through hydrogen bonding. The PA with ss-DNA base causes the transfer of a net negative charge(some combination of α Fig.11 ) from SWCN to the Gas-DNA-base complex, by the mechanism described above, therefore increases the carrier density (holes). Hence the current increases for the duration for which PA is exposed to the device and decreases on exposure of plain air as in this case charge transfer from SWCN is small. 4 . In case of Methanol with sequence 1 and 2: Methanol is neutral under the experimental conditions ref. [5] . So the bare device does not respond to Methanol for both sequences but after the application of ss-DNA there is change in the current. The explanation for the changes in the current characteristics is the same as given in 1 and 2 above.
Using Model to Explain the Odor Response of Sensor to ss-DNA Sequences
We observe, in the Table given in ref. [5] , that there is a larger decrease in the current when TMA and Methanol interact with ss-DNA sequence 2 than their interaction with sequence 1. This indicates that the net charge transfer from Gas-DNA-base complex to the SWCN is more when TMA and Methanol interact with sequence 2. We give here a simple explanation using the model outlined above. When TMA/Methanol interacts with ss-DNA sequence 1, which consists of 5 Thymine (T's), 10 Guanine (G's), 2 Cytosine(C's) and 4 Adenine(A's), each Gas-DNAbase complex gives α, β, γ & δ negative ions which cause a net charge transfer from Gas-DNA-base complex to the SWCN. Similarly when TMA/Methanol interacts with ss-DNA sequence 2 which consists of 11T's, 4G's, 5C's & 4A's, the Gas-DNA-Thymine complex gives 6α negative ions more than the value of α negative ions we get with sequence 1, whereas Gas-DNA-Guanine complex gives 6β negative ions less than sequence 1, Gas-DNA-Cytosine complex gives 3γ negative ions more than sequence 1 and Gas-DNA-Adenine complex gives 4δ negative ions, which is the same as in sequence 1. We propose that when TMA/Methanol interacts with sequence 1 and sequence 2, the net charge transfer (combination of α, β, γ & δ negative ions) is dominated by transfer of α negative ions (the value of α > β, γ, δ) which is large in case of sequence 2 than sequence 1 (because sequence 2 has 11T's each giving α negative ions, but sequence 1 has only 5T's each giving α negative ions). Therefore in case of TMA/Methanol, the current decreases and confirms the result shown in Table ref . [5] . For TMA/Methanol the value of α negative ions may be different because the responses of TMA and Methanol are different from each other. In case of TMA the decrease in the current is maximum because of an additional charge transfer due to direct interaction of TMA with the SWCN.
From Table ref . [5] , on the other hand, there is increase in the current when DMMP and DNT interact with sequence 2 as compared with sequence 1. This indicates that the net charge transfer from Gas-DNA-base complex to the SWCN is increased as we go from sequence 2 to 1. We explain this using our model as follows. In case of DMMP/DNT the net charge transfer is dominated by transfer of β negative ions (here the value of β > α, γ, δ) which is small for sequence 2 as compared with sequence 1, as the interaction of DMMP/DNT with 10G's of sequence 1 causes the Gas-DNA-Guanine complex to transfer more β negative ions than the β negative ions transferred by the interaction of DMMP/DNT with sequence 2( with 4G's). In case of PA there is decrease in the current when PA interacts with sequence 2 than when it interacts with sequence 1. This shows that there is low net charge transfer (some combination of α ′ , β ′ , γ ′ & δ ′ negative ions) from SWCN to the Gas-DNA-base complex. Again the net charge transfer is dominated by transfer of β ′ negative ions (with β ′ > α ′ , γ ′ , δ ′ ). We would like to strengthen this proposal both numerically and experimentally in the future.
Autocorrelation Function
The expression for the autocorrelation function is
where I(t) = I(t)/I 0 is the normalized current at time t with I 0 the current with no odor, andĪ = 1 N n t=0 I(t) is the mean of the current over the time interval 0 ≤ t ≤ n. N is the total number of observations with n = N − 1 and k = 0, 1, 2, 3.. is the time lag.
Autocorrelation is a correlation of a data set with itself, the correlation is between two values of the same variable at time t and t + k. Autocorrelation function is useful for finding the repeating patterns in a signal and it is a long range correlator. In the current characteristic plots ref. [5] the pattern for both gas and air repeats itself. So for the autocorrelation calculation we just divide the complete pattern into different segments for the exposure time of both gas to air (when gas is replacing air) Figs.3,4 (a),(c) ,(e) and air to gas (when air is replacing gas) Figs.3,4 (b),(d),(f). For example in case of DMMP we have four sets of data for the time during which the gas is exposed to the device and four sets for the time during which air is exposed. For each set of data we calculate the autocorrelation function, then we take the average of all the sets and plot the averaged data with respect to time lag for both gas and air Fig.3 (a),(b) . We observe that the autocorrelation function plot is different for different odors and it is different for both air and odors, we also find that it is different for the same odor with different sequences. The autocorrelation plot for air has some structure and is different from the plot for randomly generated numbers. Together with the autocorrelation function for the odors they form a distinct pattern of the Gas/Air-DNA-SWCN system. The autocorrelation function for Methanol with sequence 2, Fig.3 Hence these curves may be used along with the autocorrelation curves to identify the DNA sequence used. The correlation function G(t) has universal behavior for mesoscopic system ref. [10] . We are in the process of trying to establish a similar universal behavior for these complex systems. 
Discussion and Conclusion
We studied the experiment carried out in ref. [5] , which involves a change in sensor current upon odor exposure relative to the level measured when the sample is exposed to clear air. The exact mechanism for the observed change in current is not clear. It is still a question that, do these species transfer charge to the SWCN through ss-DNA or is there some other mechanism which is responsible for the response. Though it has been confirmed that the interaction between ss-DNA nucleoside and CNT mainly involves the π orbitals of the base atoms and the C atom of CNT, and due to their mutual polarization there is a charge distribution, which causes a net charge transfer from ss-DNA base to CNT ref. [11] , the interaction of odors with ss-DNA-CNT is not known. If the explanation for the interaction between DNA base and CNT described above is also true when the odors interact, then the odors can interact with the SWCN directly (mutual polarization), but from the sensor response curve, we see that bare SWCN-FET device does not respond to all odors except TMA. This implies that there could be another interaction between the odor and ss-DNA, which could be the hydrogen bonding as shown in Figs.7-11 (similar to the double helix DNA), which then interacts with the SWCN through mutual polarization.
In this study, we work with the model that the ss-DNA bases interact with the SWCN in the same way as described in ref. [11] , where the charge distribution leads to a charge transfer from DNA bases to SWCN. When the gas is exposed to SWCN-FET coated with ss-DNA, the gas interacts with the DNA bases. The interaction changes the polarization of the Gas-DNAbase complex, which then interacts with the SWCN by the Van Der Waal forces. As a result, charges get redistributed which leads to a net negative charge transfer( some combination of α, β, γ and δ negative ions, depending on the DNA sequence) from Gas-DNA-base complex to the SWCN. Such charge transfer from adsorbate (DNA & odor) to SWCN and vice-versa is responsible for the change in sensor current upon odor exposure.
Our studies show, by explicitly calculating the correlation functions, that CNTs can be used as chemical sensors and sequence detectors, Figs.3 & 4. These correlation functions are better indicators of odor and sequence than the simple current characteristics. We find from Figs.3 & 4 that the fluctuations of electrical properties of CNTs are more sensitive to the adsorption of certain type of gas molecules. We have studied the interaction of various gas odors to DNA decorated CNTs. The sensor responses for different odors are different. The sensor response to Propionic acid is completely different in sign and magnitude from the response to other odors ref. [5] . The odor response characteristics of ss-DNA/SWCN-FET sensors are specific to the base sequence of the ss-DNA used and it is different for the same odor with different base sequences. In this experiment two ss-DNA sequences are used, sequence 1 with 21 bases and sequence 2 with 24 bases. In both sequences the value of the bases G,T,C is different excepting A and these bases are arranged in different order, which leads to a different charge transfer either from DNA bases to SWCN or from Gas-DNA-base complex to the SWCN. This results in different sensor response of the same odor with different base sequences.
Here the autocorrelation function clearly shows that the Methanol with sequence 2, Fig.3 It would be an important technological advance if an odor can be found which can be used to read, using correlation functions, the DNA sequence accurately, here only Methanol flow over DNA-CNT (with DNA sequences 1 and 2) has been analyzed. 
